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Ullraviolcl rcjoniince Raman spectra of solubilizcd conncclin indicalcd the prcsencc ofg-sheets and hydrogen-bo?ded irregular sLruclurcs. Some 
Trp and T<r sidcchains arc localcd in hydrophobic environments and some NHs of mainchain amides and Trp indolcsare not easily reached by 
solvent wa:c;. susgcsting ihe pr:sencc ol’ folded struc!ures consrrucled of the b- and irregular parls. lrfrared spectra showed an abundance of 
P-sheets in ti conncctin fiber. sonic oTwhich were aligned with their mainchain axes parallel IO the fiber axis. Thus. thc/i.spiral structure proposed 
for clasrin is improbab!c in conncctin. This conclusion is also supported by their diKerent amide Ill frequencies in the visible Raman spectra. A 
possible lilamcntous struclurc of repeated domains, consisting of p-shecls and irregular parls. is discussed. 
Conncclin:p-Shccl and irregular structure: Ultraviolet rcsonancc’ Raman sp:crroscopy;Trp residue: Tyr residue: lnrrarcddichroism; Visible Raman 
spcclroscopy 
1. INTRODUCTION 
Connectin (or titin) is a protein constituting very long 
and flexible fine filaments of vertebrate striated muscle, 
each connectin molecule spanning from an M-line to a 
Z-line in a myofibril [l-3]. Its molecular weight (ca. 2.8 
MDa) is so large that its length in a fully extended form 
would be about 6-2 times longer than the M-Z distance 
at rest and at extreme stretch, respectively [I]. There- 
fore, conncctin filaments must be folded in a sarcomere 
[I]. In order to understand the elastic nature of con- 
nectin, it is important to clarify the secondary and 
tertiary structures. The secondary structure has been 
studied by CD spectroscopy for rabbit skeletal muscle 
connectin [4] and chicken breast muscle connectin [5] 
with contradictory results, namely random coil [4] and 
P-sheets [5]. 
Ultraviolet resonance Raman (UVRR) spectroscopy 
is 3 powerfti! teckniqlue for probing the protein struc- 
ture, in very dilute solution regardless of the molecular 
weight, bcc~dse vibrational scattering from the 
mainchain and aromatic side-chains in a protein may be 
selectively enhanced by choosing appropriate excitation 
wavelengths [6,7]. We observed the UVRR spectra of 
solubilized connectin for the first time. Infrared 
dichroism and visible Raman spectra were also used to 
study a fibrous sample. The protein in solution contains 
both P-sheets and hydrogen-bonded (H-bonded) irreg 
ular structures. Some Trp and Tyr sidechains are in 
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hydrophobic environments and some NHs of the 
mainchain amides and Trp indole are hardly reached by 
the solvent water, indicating the presence of folded 
structures constructed of the /3- and irregular segments. 
Some of the P-sheets are susceptible to 1% SDS and 
converted into cr-helices with Trp and Tyr sidechains 
exposed to the solvent. In the fiber, the p-sheets tend to 
partly align with their mainchain axes parallel to the 
fiber axis. The /3-spiral structure was not identified and 
a possible structure of filamentous connectin is dis- 
cussed. 
2. MATERIALS AND METHODS 
Conneclin war prepared in the parlly proIeolyzedB.Torm (2.1 MDa) 
from chicken breasl muscle as described in a previous paper [S]. Dcu- 
tcralcd connccrin was obtained by rcpealcd dialyses (at 4°C) againsl 
0.3 M NaCl (pD 7.6 or 6.6) or 0.15 M sodium phosphate (pD 6.6) in 
l&O (D-content 299.8%). Trcalmcnl will1 SDS was made by adding 
0.1 vol. of 10% SDS aqueous solution IO connectin solution (4.1 
mdml,O.l5 M sodium phosphate. pH(D)6,6)and kecpinglhemixlurc 
at 50°C for I5 min. UVRR speclra excited a1 240 nm with an Hz- 
Raman-shificd pulsed Nd:YAG laser (average power. 0.6-1.0 mW) 
were obtained for the solulions in a spinning quartz cc11 at room 
Icmpcralurc [9]. A fibrous sample for inliarcd mcasurcmcnts was 
prepared by pressing oul IIIC solubilized connectin (2.3 mgml in 0.3 
M NaCI. pH 7.0) from a Paslcur pipelic onto a ZnSc plate and drying 
it. Polarized infrared spcclra wcrc rccordcd on a Jasco FT/IR-7000 
specrropholomclcr equipped with a wircgrid polarizer. Visible Raman 
spectra or IIIC libcr wcrc oblaincd wiih 4%nm cxchalion. 
3. RESULTS 
3.1 . Corlttecritr solrrriorl 
Fig, IA shows a 240.nm excited IJVRR spectrum of 
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Fig. I. Ultraviolcl resonance Raman spewa of solubilized conncctin 
and a visible Raman spewurn of a connectin fiber in (A) 0.3 M 
N&I-H?O. 3.1 mg’ml. pH 6.4. (B) 0.3 kl NaCI-D,O. 3.1 m&ml. pD 
7.5 (a broad band due to D:O overlaps around 1208 cm-’ and (C) in 
0.14 M sodium phosp!?a._ tp bufl’er (I % SDS) after incubation at 50°C 
for I5 min. 3.i mdml. pH 6.6. See &latcrials and ktbods for prcpa- 
ration of the fiber. * in D is an overlap of a Trp band and a plasma 
line. 
connectin in Hz0 solution. Scattering from the 
mainchain and Trp and Tyr sidechains dominates the 
spectrum and assignments of most of the Raman bands 
are straightforward [6,7]. The 1235-cm-’ amide III (a 
coupled NH bend and CN stretch) band, whose in- 
tensity tends to decrease in D,O solution (Fig. 112). is 
due to P-sheet parts of the molecule and the tail in the 
higher-frequency side is ascribed to H-bonded irregular 
(other than P-sheet and z-helica!) parts. (The amide III 
scattering from z-helices with 240-nm excitation was 
found to be very weak (vide infra).) The compositions 
of the p and irregular parts, however, could not be 
mctin-ptml MY.... Y.-Y from the spectrum, because of unknown 
factors of resonance nhancement for the two structures 
[lo]. The broad amide I (a C=O stretch) band, which 
peaked around 1667 cm-‘, is consistently assigned to the 
two coexisting structures. Based on the intensities of the 
residual amide III and a newly appeared amide II’ band 
in the D,O solution, deuteration of the mainchain 
amides is not completed at room temperature, indicat- 
ing that some amide NHs are buried in the interior of 
the molecule. 
A pair of Trp bands around 1360 and 1340 cm-’ arise 
from Fermi resonance between a fundamental and one 
or two combination bands of the indole ring, and the 
intensity ratio I( 1360)/1( 1340) with 240-nm excitation is 
sensitive to the ring environment: it is higher in hydro- 
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Fig. 2. Ultraviolet rcsonancc Raman spectra (1400-1300 cm-’ region) 
of conncctin in (A) 0.3 &l NaCI-H,O and (D) 0.3 M SaCI-D,O and 
X-acetyl-L-tryptophan ethyl CSI e: in (B) 2 mM in l-&O. (C) IO mM in 
CH,CI,. (E) 2 mhl in D:O and (F) IO mM of dcukrakd-NAcTrpEE 
in CHlC12. 
phobic environments than in hydrophilic ones [l l-131. 
As shown in Fig. 2, the ratio for connectin (Fig. 2A, 0.8) 
is higher than that for a model compound 1%acetyl-L- 
tryptophan ethyl ester (AcTrpEE) dissolved in H,O 
(Fig. 2B, 0.6), but lower than that in CH2CI, (Fig. 2C, 
1.2). This observation indicates that some Trp side- 
chains are located in hydrophobic environments. When 
the indole N, site is deuterated, the intensity ratio in- 
creases. For N,-deuterated AcTrpEE, the ratio is 1.7 in 
D?O (Fig. 2E) and 1.4 in CH,CI, (Fig. 2F). The ratio 
for connectin in D1O (1.0, Fig. 2D), however, is much 
lower than those for the N,-deuterated model com- 
pound. Accordingly, some Trp indole NHs in the 
protein molecule are located in positions that are not 
reached by the solvent D1O. Even after incubation of 
the D?O solution at 50°C for I5 min, the Trp doublet 
does not become similar to those in Fig. 2E and F, 
showing that some indole NHs remain undeuterated 
under such heat treatment. 
In order to see the effect of detergent on the structure 
of the protein, the aqueous solutions were incubated in 
the presence of 1% SDS. After the incubation of the 
H,O solution, the amide I band lies at 1655 cm-’ and 
the amide III region is broad towards higher frequency 
with a decreased intensity around 1235 cm-‘, suggesting 
the formation of a-helices at the expence of ,&sheets 
(Fig. 1C). It should be noted that the amide III scatter- 
ing from a-hclices (1300-I 265 cm-’ region) is very 
weak. Many Trp indole N, sites are exposed to the 
solvent, because a broad singlet at 1357 cm-’ with a 
low-frequency shoulder appears in D1O (not shown) 
similar to that of N,-deuterated AcTrpEE (Fig, 2E). In 
addition, the intensities of Tyr bands at 1208 and I1 77 
cm-’ relative to that of Trp 101 I -cm-’ band dccrcascd 
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by 30% upon the SDS treatment (trace C vs. A in Fig. 
I). Possibly, the environments of many Tyr sidechains 
are hydrophilic, because the Tyr scattering in H,O is 
expected to be a half of that in hydrophobic environ- 
ments on the basis of data on acetyltyrosine thyl ester 
in Hz0 and in chloroform (E. Kurashiki et al., un- 
published results). These observations can be con- 
sistently explained by the assumption that the folded 
P-sheets become partly dissociated upon addition of 
SDS and are converted into isolated a-helices with their 
Trp and Tyr sidechains exposed to the solvent. 
3.2. Cormwii~ Jiim 
The connectin solution was so dilute that nonres- 
onant visible Raman spectra could not be observed. For 
a connectin fiber, however, a good quality spectrum was 
obtained as shown in Fig. ID. The broad amide I and 
amide III bands lie at 1668 and 1241 cm-‘, respectively. 
in agreement with the coexistence of P-sheets and irreg- 
ular structures. cx-Helices are known to give a strong 
amide I band around 1655-I 645 cm-’ with visible ex- 
citation [6]. Since no such band is identified in the 
spectrum the content of a-heliccs must be low, if pres- 
ent. (The amide III band shape and the peak frequency 
are different from those in the LJVRR spectrum (Fig. 
IA), partly because the intensity enhancement with the 
UV excitation is larger far/3-sheets than for the other 
structures [lo].) It is interesting to note that the amide 
III frequency is different from. that (1254 cm-‘) of 
elastin [l4]. 
Fig. 3 shows the infrared spectra of the connectin 
fiber. In the amide I region of the non-polarized 
spectrum (Fig. 3D). the main peak lies at 1638 cm-’ with 
a shoulder a; 1685 cm-‘. This pattern is characteristic 
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Fig. 3. Infrwcd spcwr of connectin libcr wirh polarization parallel 
(A) and perpendicular (B) IO the fiber axis; (C) the diffcrcncc spectrum 
(A-B) x 4; (D) 111~ spcarum without polarization. 
of antiparallel p-sheets, although the main-peak fre- 
quency is slightly higher than the typical value (1632 
cm-‘) [I 51. The difference can be due to the presence of 
irregular structures or/and a-helices. In the amide III 
region, however, the band at 1236 cm-’ is assignable to 
p-sheets and/or irregular structures but not to a-helices 
(expected around 1260-l 280 cm-‘) [16,17]. Hence, the 
absence of cr-helices in the fiber is confirmed. Further, 
p-sheets are dominant with a lower content of irregular 
structures, which is consistent with the solution struc- 
ture suggested by a CD study [5]. 
The differences between the infrared spectra with po- 
larization parallel and perpendicular to the fiber axis 
are small (Traces A and B, Fig. 3), because the sample 
was prepared only by pressing out the connectin solu- 
tion from a Pasteur pipette and drying it. Nevertheless, 
the amide II (a coupled CN stretch and NH bend) and 
amide III bands are stronger in Fig. 3.4 than in Fig. 3B, 
while the reverse is observed for the amide A (the NH 
stretch) and amide I bands. Fig. 3C shows the difference 
spectrum (//-I) multiplied by 4, in which the dichroic 
nature is clearer with polarizations typical of antiparal- 
lel P-plated sheets aligned parallel to the fiber axis. 
4. DISCUSSION 
Whether thej-sheet parts take the/?-spiral structure, 
proposed for elastin [18], or not is important in relation 
to the elastic nature of connectin. Since the present 
results strongly suggest the presence of ordinary /I- 
sheets and H-bonded irregular structures, and the 
visible Raman amide III frequency is different from that 
of elastin, the &spiral structure is improbable in con- 
nectin. 
Recently, a regular pattern of two types of 100 
residue motif (class I and II) has been encoded by par- 
tial connectin complementary DNA, the arrangement 
being-I-I-I-II-I-I-I-II-I-I-II- [l9]. As connectin was pre- 
viously suggested from electron microscopy to consist 
of a linear array of 43 A globular domains, each con- 
taining approximately 100 residues [4,20], each motif 
has been considered likely to fold into a separate 
domain [l9]. A possible model consistent with such 
tindings, as well as the present observations, is the foi- 
lowing: two or three domains rich infi-sheets and a joint 
domain rich in irregular structures are repeated. -/3-p-/% 
R-~-/I-/3-R-&3-R-. where /I and R refer to domains rich 
in p-sheets and irregular structures, respectively. The 
&structure may be conserved in aqueous solution but 
the domains may be randomly oriented due to increased 
flexibility of the irregular joints. They may partially 
align when the solution is pressed out from a Pasteur 
pipette. 
It is tempting to speculate about the e!asticity of this 
model molecule. Sliding and H-bond rcarrangemcnts of 
/3-sheets may easily take place upon stretch of the con- 
nectin filament if the shectcd part contains short seg- 
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ments. but the /3-domains themselves may not have 
strong restoring forces. At stretch, however. sizes of 
p@ssible loop structures [Zl] as part of the irregular 
domains may be reduced and the repulsive forces within 
the loops increased. The increased repulsion within the 
loops may act as the restoring force when the stress is 
removed. 
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